The signature left in quasar spectra by the presence of neutral hydrogen in the Universe allows one to constrain the sum of the neutrino masses with improved sensitivity, with respect to laboratory experiments, and may shed a new light on the neutrino mass hierarchy and on the absolute mass scale of neutrinos. Constraints on cosmological parameters and on the dark energy equation of state can also be derived, from a joint parameter estimation procedure. However, this requires a detailed modeling of the line-of-sight power spectrum of the transmitted flux in the Lyman-α (Lyα) forest on scales ranging from a few to hundreds of megaparsecs, which in turns demands the inclusion and careful treatment of cosmological neutrinos. To this end, we present here a suite of state-of-the-art hydrodynamical simulations with cold dark matter, baryons and massive neutrinos, specifically targeted for modeling the low-density regions of the intergalactic medium (IGM) as probed by the Lyα forest at high-redshift. The simulations span volumes ranging from (25 h
INTRODUCTION
Neutrino science has received a boost of attention recently, since the breakthrough discovery in particle physics over the last decade that neutrinos are indeed massive. However, at the present time we only know their mass differences, because solar, atmospheric, reactor and accelerator observations of neutrino oscillations are sensitive only to differences in the squares of neutrino masses, requiring that there be at least one species with mass m ≥ 0.06 eV. On the other hand, cosmology offers a unique 'laboratory' with the best sensitivity to the neutrino mass (see for example Lesgourgues & Pastor 2012 , and references therein), as primordial massive neutrinos comprise a small portion of the ⋆ e-mail: graziano.rossi@cea.fr dark matter (DM) and therefore must significantly alter structure formation. Potentially, combining cosmological and particle physics results, one should be able to determine the absolute mass scale of neutrinos in the very near future, and solve one of the key issues in neutrino physics today -namely, the nature of their mass hierarchy and perhaps the origin of mass.
Neutrino physics provides also one of the best examples of the interplay between particle physics and cosmology/astrophysics. For instance, the measurement of neutrino masses could point to a new fundamental theory, of which the standard model (SM) is the low-energy limit (Lesgourgues & Pastor 2006 ) -hence calling for new physics beyond the SM. In addition, astrophysical neutrino fluxes can be exploited to test A&A proofs: manuscript no. rossi_etal_2014 the SM, with experiments of neutrino decays, oscillations, and searches for nonzero neutrino electromagnetic moments.
In a cosmological context, the effect of massive neutrinos is essentially twofold. Firstly, neutrinos contribute to the expansion rate during the radiation epoch as one of N eff neutrinos (with N eff the effective number of neutrino species; a recent constraint from the Planck data is N eff = 3.36 ± 0.34 -see ) and later as a non-relativistic component of matter. Compared to massless models, this modifies the timing of matterradiation equality and the distance-redshift relation. Secondly, once they become non-relativistic neutrinos participate in structure formation but only on scales greater than the free-streaming scale. Because of these two effects, models with neutrino masses greater than 0.1 eV give predictions different from standard Cold Dark Matter (CDM) scenarios with a cosmological constant (i.e. LCDM models), which generally incorporate a minimal neutrino mass of 0.06 eV.
Hence, while the most recent results from the cosmic microwave background (CMB), such as data from the Planck satellite , the Atacama Cosmology Telescope (ACT; Sievers et al. 2013) or the South Pole Telescope (SPT; Hou et al. 2012) , and from the large-scale structure (LSS) as in the Sloan Digital Sky Survey (SDSS; York et al. 2000 , Eisenstein et al. 2011 or in the WiggleZ survey (Drinkwater et al. 2010; Blake et al. 2012) are consistent with the ΛCDM model dominated by a dark energy (DE) component, with baryons constituting only 4.5% of the total matter-energy content, a pure CDM scenario is still unsatisfactory and incomplete -since even a small amount of neutrinos can significantly impact structure formation. Improving our knowledge of cosmological neutrinos is essential towards an accurate and consistent 'minimal' cosmological model, and the present study is an effort in this direction.
In cosmology, neutrinos have been studied with a large number of probes and complementary techniques. The most direct way is through the analysis of the CMB radiation, as for current mass limits their primordial signature does not vanish although neutrinos are still relativistic at the time of recombination (Lesgourgues & Pastor 2006) . While the overall sensitivity of massive neutrinos impacts the CMB temperature power spectrum very marginally, there are non-negligible consequences in the polarization maps through the early Integrated Sachs Wolfe (ISW) effect (Hinshaw et al. 2013) , and distinct signatures from the gravitational lensing of the CMB by LSS -both in temperature and polarization (see for instance Santos et al. 2013 or Battye & Moss 2013 . Other methods to quantify the impact of massive neutrinos involve baryonic tracers of the LSS clustering of matter, and large redshift surveys. Examples include the measurement of the three-dimensional matter power spectrum obtained from galaxy surveys, Lyman-α (Lyα) or 21 cm probes where the underlying tracer is neutral hydrogen (HI), the study of galaxy clusters via the Sunyaev-Zel'dovich (SZ) effect, and the characterization of the cosmic shear through weak lensing (Kaiser 1992; Jain & Seljak 1997; Zaldarriaga & Seljak 1998; Abazajian & Dodelson 2003) .
While the majority of the techniques used in cosmology to constrain neutrino masses are based on the CMB or on galaxy clustering, fewer studies involve the Lyα forest -i.e. the absorption lines in the spectra of high-redshift quasars, due to neutral hydrogen in the intervening photoionized inter-galactic medium (IGM). Thanks to data from the SDSS (York et al. 2000) , the statistical power of the Lyα forest has greatly increased, so that it is now emerging as a very promising and unique window into the high-redshift Universe, being at a redshift range inaccessible to other LSS probes and spanning a wide interval in redshift. For instance, this is why it was possible to detect for the first time the Baryon Acoustic Oscillation (BAO) signal directly from the Lyα forest only recently Slosar et al. 2013 ). It will be more so with future surveys, such as eBOSS (Comparat et al. 2013 ) and DESI (Schlegel et al. 2011) .
The Lyα forest is particularly powerful for constraining neutrino masses, since massive neutrinos leave a redshift-and massdependent signature in the one-dimensional flux power spectrum, due to a suppression of the growth of cosmological structures on scales smaller than the neutrino free streaming distance. In order to detect this effect, a careful modeling of the line-ofsight (LOS) power spectrum of the transmitted Lyα flux is required. Pioneering work along these lines has been carried out by Croft et al. (1998 Croft et al. ( , 2002 , Zaldarriaga, Hui & Tegmark (2001) , Viel et al. (2004 Viel et al. ( , 2010 , Seljak et al. (2005) , , Seljak, Slosar & McDonald (2006) , and Kim & Croft (2008) . In particular, McDonald et al. (2006) and Seljak et al. (2006) used a sample of 3035 moderate-resolution forest spectra from the SDSS to measure the one-dimensional flux power spectrum at z = 2.2 − 4.2 and placed constraints on the linear matter power spectrum and on neutrino masses, while Viel et al. (2010) studied the impact of massive neutrinos in the transmitted Lyα flux. At the present time, the most precise measurement of the Lyα flux power spectrum comes from the Baryon Acoustic Spectroscopic Survey (BOSS; Dawson et al. 2013) , with a sample of forest spectra almost two order of magnitude larger than in previous studies (Palanque-Delabrouille et al. 2013) . These Lyα forest measurements supplement those obtained from the population of luminous red galaxies (LRGs), and considerably extend the range of redshift that can be studied.
The Lyα forest offers also one of the strongest reported constraints on neutrino mass, when combined with WMAP 3-year CMB data (i.e. m ν < 0.17 eV at 95% CL; Seljak et al. 2006) , but the constraint depends on the normalization of the observed LSS power spectrum relative to the CMB power spectrum; using recent data from the Planck satellite rather than those from WMAP, the previous constraints are weakened. Nevertheless, current neutrino mass limits are on the verge on distinguishing between a normal (one species with m ∼ 0.06 eV) and inverted (two species with m ∼ 0.06 eV) hierarchy, and in the near future combining cosmological results with atmospheric and solar neutrino constraints will remove the degeneracy of neutrino masses. For example, the combination of Planck CMB data, WMAP 9-year CMB polarization data (Bennett et al. 2013) , and a measure of BAO from BOSS, SDSS, WiggleZ, and the 6dF galaxy redshift survey (Jones et al. 2009 ) produces an upper limit of m ν < 0.23 (95% CL), while a more aggressive use of galaxy clustering into smaller scales and the nonlinear clustering regime can lead to stringent constraints (Zhao et al. 2012; Riemer-Sørensen et al. 2013) .
However, the validity of the current limits on neutrino masses depends on the assumption that there are no systematic offsets between estimates of the matter power spectrum obtained with different methods; according to Viel et al. (2010) , those uncertainties are not reflected in the quoted measurement errors. To this end, one needs to gain a better understanding of the characteristic signatures of massive neutrinos in the power spectrum across different redshift slices, and be in control of the various systematics involved, especially at lower redshifts (z = 2−4) and at small scales (1 − 40h −1 Mpc) -where, for massive neutrinos, the nonlinear evolution of density fluctuations is non-negligible. Particularly for the Lyα forest, constraints on neutrino masses are only limited by the systematic accuracy with which we can make these theoretical predictions. This is only possible through more and more sophisticated numerical simulations, where the full hydrodynamical treatment is performed at scales where nonlinear effects become important for the neutrino component; so far, only a handful studies in the literature have addressed these issues for the Lyα forest in some detail. Given that current and planned experiments such as BOSS, eBOSS and DESI will provide excellent-quality data for the Lyα forest (see also the recent American 2013 report 'Cosmic Frontier Vision', and in particular Connolly et al. 2013) , it is now timely to design and perform accurate numerical simulations capable of reproducing the effects of massive neutrinos.
The present study aims at filling this gap, by presenting a suite of state-of-the-art hydrodynamical simulations with cold dark matter, baryons and massive neutrinos, specifically targeted for modeling the low-density regions of the IGM as probed by the Lyα forest at high-redshift. Besides providing technical details on the simulations and on the improvements made with respect to pre-existing literature, we show here measurements of the simulated nonlinear three-and one-dimensional matter and flux power spectra, and characterize the statistics of the transmitted flux in the Lyα forest in presence of massive neutrinos. This is the first of a series of papers dedicated to quantify the effects of massive neutrinos in the Lyα forest across different redshift slices and at nonlinear scales. In addition, we are planning to make the simulations available to the scientific community upon request; hence, the present work may serve as a guide for a direct use of the simulations and of the products provided.
The layout of the paper is organized as follows. In Section 2, we briefly outline the theory behind the modeling of the Lyα forest, along with the most commonly used numerical techniques available. In Section 3, we focus on neutrino science and on the implementation of massive neutrinos in cosmological N-body simulations, and explain the method of our choice. In Section 4, we present our novel suite of hydrodynamical simulations and provide several technical details on the code used for the run, initial conditions, optimization strategies and performance, along with various improvements and a description of the pipeline developed to extract the synthetic Lyα transmitted flux. In Section 5, we present the first analysis of our suite of simulations, where in particular we compute the three-and one-dimensional matter and flux power spectra, focusing on the imprint of massive neutrinos. We conclude in Section 6, where we summarize our main achievements and explain how we will use the simulations presented here to constrain neutrino masses directly from the Lyα forest, with improved sensitivity.
MODELING THE LYMAN-ALPHA FOREST
In this section we briefly summarize the basic theory of the Lyα forest as a cosmological probe, and the most commonly used numerical techniques for modeling the low-density regions of the IGM. In particular, we focus on the specific requirements necessary to accurately reconstruct the Lyα transmitted flux.
The Lyα Forest: Overview and Challenges
The observational discovery of the Lyα forest traces back to Lynds (1971) , although the actual existence of an ionized IGM was already postulated back in the '60 (Bahcall & Salpeter 1965; Gunn & Peterson 1965) . However, only some twenty years later was it realized that the numerous absorption features in the spectra of high-redshift quasars, bluewards of the redshifted resonant 1215.67Å emission line, directly trace the underlying dark matter fluctuations (Cen et al. 1994; Bi et al. 1995; Zhang et al. 1995; Hernquist et al. 1996; Miralda-Escude et al. 1996; Bi & Davidsen 1997; Hui, Gnedin & Zhang 1997; Theuns et al. 1998) . Clearly, since hydrogen makes up most of the baryonic density of the Universe, the Lyα forest is also a direct tracer of the baryonic matter distribution over a wide range of scales and redshifts -i.e. k ∼ 0.1 − 10 h/Mpc; 1 ≤ z ≤ 6.
Since then, considerable progress has been made towards a thorough understanding of the nature of these absorption features, and of the properties of the IGM. We now have observational evidence that at high redshift the IGM contains the majority of baryons present in the Universe (Petitjean et al. 1993; Fukugita et al. 1998) , is highly ionized by the ultra-violet (UV) background produced by galaxies and quasars, and becomes increasingly neutral from z = 0 to z = 7 (Mortlock et al. 2011) . The overall physical picture that emerges is relatively simple: the IGM probed by the Lyα forest consists of mildly non-linear gas density fluctuations; low column-density absorption lines trace the filaments of the cosmic web; high column-density absorption lines trace the surrondings of galaxies; the gas traces the dark matter, and is photo-ionized and photo-heated by the UVbackground. Although metals are present in the IGM (Cowie et al. 1995; Schaye et al. 2003; Aracil et al. 2004) , stirring of the IGM due to feedback from galaxies or active galactic nuclei (AGNs) does not affect significantly the vast majority of the baryons McDonald et al. 2005) . Photoionization heating and expansion cooling cause the gas density (ρ) and temperature (T ) to be closely related, except where mild shocks heat up the gas (see Schaye et al. 2000) , so that in low-density regions a simple redshift-dependent polytropic power-law temperature-density relation holds :
where T 0 and ρ 0 are the corresponding gas mean temperature and density, while the parameter γ depends on redshift, reionization history model, and spectral shape of the UV background. It is interesting to address the modifications to this simple relation caused by massive neutrinos, and we will return to this issue in Section 5. The gas of the IGM is generally assumed to be in photoionization equilibrium with the UV background, and it can be described by an optical depth τ(z) which depends on the evolving photo-ionization rate (Peebles 1993) . The optical depth for Lyα absorption is proportional to the neutral hydrogen density (Gunn & Peterson 1965) , which -since the gas is in photoionization equilibrium -can also be expressed as
where β = 2.7 − 0.7γ and A depends on redshift, baryon density, temperature at the mean density, Hubble constant, and photoionization rate. While the optical depth is a tracer of the matter distribution on scales larger than the Jeans length of the photoionized IGM, it is more conventional to use the mean transmitted fluxF instead, and define an effective optical depth τ eff so that
The previous expression contains the uncertainties in the intensity of the UV background, the mean baryon density, and other parameters that set the normalization of the relation between optical depth and density of the gas. Measurements of the mean A&A proofs: manuscript no. rossi_etal_2014 transmission and of its evolution allow one to constrain the basic cosmological parameters (see Jenkins & Ostriker 1991; Hernquist et al. 1996; Rauch et al. 1997; Rauch 1998; McDonald & Miralda-Escude 2001) . The gas density is also closely related to that of the DM on large scales, while on small scales the effects of thermal broadening and Jeans smoothing must be included. For more details on the physics of the IGM and its potential for cosmology, see Meiksin (2009) . Dynamical and thermal processes are essential in modeling the Lyα forest: therefore, one should take into account the effects of baryon pressure, nonlinear evolution of density perturbations, thermal and chemical evolution such as adiabatic cooling due to the expansion of the Universe, UV background photoionization heating, Compton and recombination cooling. For instance, the Lyα flux power spectrum depends not only on the DM distribution, but also on the thermal state of the IGM, and on feedback effects due to star formation and AGNs. Hence, a full hydrodynamical modeling including effects of galaxy formation physics is necessary. While there exist several numerical challenges in simulating the Lyα forest, along with a series of physical mechanisms still poorly understood, today we do have the computational capability of carrying out a full hydrodynamical treatments, as we perform in this work. Despite hydrodynamic uncertainties, hierarchical models of structure formation are now capable of reproducing almost all the aspects of the Lyα forest. We also note that once the spectrum is modeled as a continuous phenomenon, there is no need to resolve every single feature (Weinberg et al. , 2003 , so that the forest can be studied with relatively moderate resolution spectra.
Hydrodynamical Simulations in a Nutshell
The rapid progress made in our theoretical understanding of the Lyα forest is mainly due to the improved ability to simulate more and more realistically all the physical effects which impact the IGM -thanks to state-of-the-art computational facilities. In fact, while the forest has been traditionally studied using a variety of analytical techniques such as the Zeldovich approximation (Doroshkevich & Shandarin 1977; McGill 1990; Hui, Gnedin & Zhang 1997; Matarrese & Mohayaee 2002) , the lognormal approximation (Hamilton 1985; Coles & Jones 1991; Bi 1993; Bouchet et al. 1993; Kofman et al. 1994; Gnedin & Hui 1996; Bi & Davidsen 1997; Viel et al. 2002) , or semi-analytic models (Balian & Schaeffer 1989; Bernardeau & Schaeffer 1992 Valageas, Schaeffer & Silk 1999; Pichon et al. 2001) , it is only with hydrodynamical simulations that one can self-consistently model the interplay between gravity and gas pressure on the structure of the photo-ionised IGM -so that most of the observed properties of the Lyα forest are successfully reproduced, and the uncertainties in the theoretical modeling overcome.
Traditionally, cosmological hydro-simulations come in two basic flavors: smoothed particle hydrodynamics (SPH; Gingold & Monaghan 1977; Lucy 1977) , and grid-based methods; there are also more sophisticated combinations of the two categories. The SPH technique -adopted in this study -uses particles to represent the baryonic fluid, employs an artificial viscosity to simulate shocks (Springel & Hernquist 2002) , and it is Lagrangian in nature: this implies that the resolution is concentrated in regions of high-density. On the other hand, grid-based methods use a grid of cells to represent the gas properties, a fact that may provide a superior resolution of the low-density regions of the IGM and more accurate treatments of shocks, but at an higher computational cost. For more details on hydrodynamical techniques relevant to this study, see Katz et al. (1996) . Both approaches have been used successfully to model the Lyα forest at low-and high-redshift, and to obtain quantitative estimates of the clustering amplitude and constraints on cosmological and astrophysical parameters. The number of dedicated studies has increased in recent years, since the forest is emerging as a key probe of the hydrogen reionization epoch. A long, but still incomplete list of relevant numerical works includes Gnedin & Hui (1996 , 1998 , Croft et al. (1998 Croft et al. ( , 1999 Croft et al. ( , 2002 , Hui et al. (2001) , McDonald et al. (2000 McDonald et al. ( , 2005 , Meiksin & White (2001) , Gnedin & Hamilton (2002) , Zaldarriaga et al. (2001 Zaldarriaga et al. ( , 2003 , Seljak et al. (2003) , , Viel et al. (2003 Viel et al. ( , 2004 Viel et al. ( , 2010 Viel et al. ( , 2012 , Crain et al. (2009) , Bolton & Becker (2009) , Schaye et al. (2010) .
The importance of having full hydrodynamical simulations cannot be stressed enough. To provide an example, McDonald et al. (2005) used hydrodynamical simulations extended with hydro-particle-mesh (HPM) realizations to analyze the SDSS Lyα forest power spectrum and infer the corresponding linear theory power spectrum. However, their HPM simulations -calibrated by a limited number of hydrodynamical runs -were found to be discrepant by up to 20% when compared to full hydrodynamical simulations, with respect to the statistical properties of the Lyα flux distribution . Hence, while using approximate numerical calculations is certainly attractive because computationally less demanding, a complete hydrodynamical treatment is mandatory to reach the precision that data are now beginning to show.
Before moving on to the treatment of massive neutrinos, we stress that the development of progressively more sophisticated numerical simulations is an area of rapid progress -particularly crucial for a realistic modeling of the Lyα forest. Nowadays, with increasing computational power, there is less motivation to use approximation methods -although more work is needed in order to understand a multitude of complex baryonic processes. It is even more so when massive neutrinos are included in the picture, and the scope of the present work is to add more knowledge in this direction.
IMPLEMENTING MASSIVE NEUTRINOS
In this section we first provide a synthetic overview of the effects of massive neutrinos in cosmology -focusing on the Lyα forest; in particular, we present the expected linear predictions for the matter power spectra in presence of massive neutrinos, with the set of cosmological parameters adopted in our simulations. We then briefly describe how neutrinos are implemented. In Section 5, the linear predictions shown here will be confronted with nonlinear measurements obtained from our simulations.
A Revival of Neutrino Science
The impact of massive neutrinos on the CMB and LSS was investigated long ago (see for example Bond, Efstathiou & Silk 1980; Klypin et al. 1993; Ma & Bertschinger 1995; Dodelson et al. 1996; Hu, Eisenstein & Tegmark 1998; Hu & Dodelson 2002; Abazajian et al. 2005; Hannestad 2005; Seljak et al. 2006) , and with a renewed interest quite recently (e.g. Saito et al. 2008 Saito et al. , 2009 Wong 2008; Brandbyge et al. 2008; Brandbyge & Hannestad 2009; Viel et al 2010; Marulli et al. 2011; Bird et al 2012; Carbone et al. 2012; Hou et al. 2012; Lesgourgues & Pastor 2012) . The renewed interest is mainly driven by the large amount of cosmological data available today, which allow one to place competitive limits on the neutrino mass scale and hierarchy. For instance, simply with a factor of two improvement from Seljak et al. (2006), one should be able to distinguish between a normal hierarchy and an inverted one -a fact within reach in the very near future, given high-quality upcoming surveys such as eBOSS and DESI.
The effects of cosmological neutrinos on the evolution of density perturbations in the linear regime is well-understood. In what follows, we only discuss a few general aspects of cosmological neutrinos relevant for the Lyα forest, and refer the reader to Lesgourgues & Pastor (2006 for a more exhaustive treatment.
Neutrinos decouple from the cosmic plasma before the electron-positron annihilation (around ∼ 1 MeV) resulting in a subsequent neutrino temperature T ν that is lower than the photon temperature T γ , namely
and a number density n ν lower than the photon number density:
where n γ is the density of the CMB photons, and the factor 3/4 comes from the difference between Fermi-Dirac and Bose-Einstein statistics. Moreover, they behave as extra radiation while ultra-relativistic, traveling at the speed of light with a free-streaming length equal to the Hubble radius, and as an additional CDM component when they become non-relativistic. Subsequently, massive neutrinos affect structure formation by freestreaming and by delaying matter domination. These effects can be parameterized by their ultimate fractional contribution to the matter density:
where h is the present value of the Hubble constant in units of 100 km s −1 Mpc −1 , M ν = m ν is the sum of the neutrino masses of the three species considered, and Ω m is the matter energy density in terms of the critical density.
Neutrinos in the mass range 0.05 eV ≤ m ν ≤ 1.5 eV become non-relativistic in the redshift interval 3000 ≥ z ≥ 100, approximately around z nr ∼ 2000 (m ν /1eV) -during the matter domination era; for the given mass-intervals considered in this study, all our runs start well in the non-relativistic regime. When neutrinos are non-relativistic, there is a minimum wavenumber
above which the physical effect produced by their free-streaming damps small-scale density fluctuations, while modes with k < k nr evolve according to linear theory. The free-streaming leads to a suppression of power on small scales; with increasing neutrino mass, this suppression becomes larger and its shape and amplitude depends mainly on the total mass, but only weakly on redshift (Bond, Efstathiou & Silk 1980) . At scales k > 0.1 the suppression is constant, while at 0.01 < k < 0.1 it gradually decreases to zero -with k expressed in units of h/Mpc. When k ≪ 0.01 (very large scales), the influence of neutrinos in the matter power spectrum becomes negligible. All these effects are clearly seen in Figure 1 , where we show the linear theory predictions for the matter power spectra which include massive neutrinos (P k,M ν ), normalized by the corresponding case of massless neutrinos (P k,M ν =0 ). The cosmological parameters adopted are those used for our simulations, and reported in Section 4; we consider the following neutrino masses:
With different colors but similar line styles, we also show the evolution in redshift for three significant intervals, namely z = 0 (red), z = 2 (green), and z = 4 (blue). All the various linear predictions are computed with the CAMB code (Lewis, Challinor & Lasenby 2000) . The yellow area in the figure corresponds to values of k smaller than k nr for M ν = 0.8 eV (i.e. the most massive case considered here) obtained from (7), below which a linear description for the neutrino evolution is sufficient. For masses M ν < 0.8 eV, the corresponding k nr,M ν values are smaller than k nr,M ν =0.8eV . The grey area in the same figure shows the k-range approximately covered by the BOSS survey, relatively to the one-dimensional Lyα forest power spectrum. As clearly seen, our primary range of interest lies well outside the zone in which a linear description would be sufficient -for the neutrino masses considered in this study; hence, a full nonlinear treatment of the neutrino component is mandatory. In Section 5, we will compare these linear predictions with the corresponding nonlinear evolutions as a function of neutrino mass, and quantify the departures from linearity; we will also determine at which k those departures are maximized. Figure 2 presents the dimensionless linear power spectra per component when massive neutrinos are included, normalized by the corresponding zero-neutrino-mass case. The general convention used in this paper sets
2 , where the subscript i specifies the component considered. In detail, the left panel shows the CDM linear evolution, while the right one displays the evolution of the baryonic component; neutrino mass ranges, redshifts, and line styles are the same as in Figure 1 . Evidently, the linear evolution of the two components is very A&A proofs: manuscript no. rossi_etal_2014 similar and closely coupled, with slight departures at increasing redshifts. Note also the remarkable suppression of power (about 40%), caused solely by a 6% component. Finally, Figure 3 shows the neutrino linear transfer functions T ν (k) for the same mass and redshift ranges considered before, with arbitrary normalization.
It is of considerable interest to investigate how these effects propagate in the nonlinear regime, not only at the level of the three-dimensional matter power spectrum but also for the onedimensional Lyα flux power spectrum: we address these issues in Section 5.
Particle Implementation of Massive Neutrinos
Implementing massive neutrinos in cosmological N-body simulations is a delicate subject. Firstly, neutrinos can be treated either as a fluid or as an ensemble of particles. Secondly, one may describe their evolution with linear theory, or perform a full nonlinear treatment; clearly, the second option comes with a series of numerical challenges, in primis the problem of shot noise introduced by the high thermal velocities of the neutrino component.
Several attempts along these lines have already been made in the literature, even long ago (i.e. White, Frenk & Davis 1983; Klypin et al. 1993; Ma & Bertschinger 1994) . More recently, Brandbyge et al. (2008) described a simple method for including the effect of massive neutrinos in large-scale N-body simulations, using an hybrid TreePM approach but neglecting all the hydrodynamics; their findings already showed that the suppression of power due to the presence of massive neutrinos is increased by non-linear effects. Subsequently, Brandbygehigher accuracy in regions where the effect of the non-linear neutrino evolution is mild. With this approach a series of computational problems are avoided or drastically reduced, such as memory and CPU time consumption -as one does not need to store neutrino positions and velocities. In another study, Brandbyge & Hannestad (2010) combined grid-and particle-based methods with a hybrid technique, to achieve good accuracy at small and large scales, while keeping the CPU consumption under control: neutrinos are first discretized on a grid, and subsequently part of the grid is converted into N-body particles, when the thermal motion of neutrinos decreases to a few times the flow velocities in the simulation. Instead, Ali-Haïmoud & Bird (2013) used a different technique: the CDM component is obtained via N-body computations, while the smooth neutrino component is evaluated from that background by solving the Boltzmann equation linearized with respect to the neutrino overdensity.
In the present work, we choose a more direct and computationally intensive approach -following Viel et al. (2010) : neutrinos are modeled as an additional type of particle in the Nbody setup (on top of gas and DM), and a full hydrodynamical treatment is carried out, well-inside the nonlinear regime -including the effects of baryonic physics which affect the IGM. In particular, we make no approximations for the evolution of the neutrino component, nor interchange between grid and particlebased implementations in order to save CPU time or speed-up the computations. The adopted implementation technique is primarily driven by our main goal to accurately reproduce all the main features of the Lyα forest, at the quality level of BOSS or future deep Lyα surveys. As evident from Figure 1 (i.e. yellow versus grey areas), the one-dimensional Lyα forest data provided by BOSS lies in a k-range where nonlinear evolution of cosmological neutrinos cannot be neglected: hence, any attempt to speed-up calculations by using approximate linear solutions for the neutrino component would compromise our ability to reproduce accurately all the features of the forest. To this end, Viel et al. (2010) already compared particle and grid neutrino representations, and found that their difference in terms of power spectra are mainly driven by the fact that the non-linear evolution at small scales is not properly reproduced by the grid method; they also argued that on scales relevant for the Lyα forest it provides higher accuracy to account for the nonlinear evolution rather than limiting the description to the linear case, despite the effect of the Poisson contribution on the neutrino power spectrum introduced by the particle-based modeling. This fact alone would be sufficient to justify our choice of the particle-based implementation for neutrinos. In addition, we are not limited by computational time nor memory, having access to state-of-theart computational facilities to perform a complete hydrodynamical treatment -as we describe next.
OUR SIMULATIONS
In this section we present our new suite of hydrodynamical simulations with massive neutrinos, and provide several technical details on the codes used for the runs, the performance and the various optimization strategies. We also briefly describe the workflow pipeline and the post-processing procedure developed to extract the line of sight (LOS) and particle samples -in order to accurately model the Lyα transmitted flux.
The Suite of Simulations with Massive Neutrinos
We perform a total of 48 hydrodynamical simulations, both with varying neutrino mass and fixed cosmological and astrophysical 
Starting redshift 30 parameters (group I), or with a fixed neutrino mass and slight variations in the basic cosmological and astrophysical parameters (group II) around what we indicate as the 'best guess' run -i.e. the reference simulation set having no massive neutrinos (but a massless neutrino component) and a cosmology compatible with the latest Planck (2013) results. The basic parameters common to all the realizations are reported in Table 1 . For a given neutrino mass, we always perform a set of three simulations with different box sizes and number of particles (their combinations determine the smallest and largest k-modes that can be resolved), which are appropriate for the quality of BOSS; specifically, we adopt a box size of 100 h Tables 2 and 3) . Extensive convergence and resolution tests in support of our settings have been carried out in Borde et al. (2013) . In particular, the reason behind our specific choice is the ability to match the sensitivity of the BOSS quasar catalog (Pâris et al. 2012 ) from Data Release 9 (Ahn et al. 2012) , and is also related to the application of the splicing technique proposed by McDonald (2003) , which allows one to correct the larger box size simulation for the lack of resolution and the small box for the lack of nonlinear coupling between the highest and lowest k-modes; in this way, we are able to achieve an equivalent resolution of 3 × 3072 3 ≃ 87 billion particles in a (100 h −1 Mpc) 3 box size -optimal also for eBOSS and DESI -without the need of running a single but computationally prohibitive numerical simulation.
When we include massive neutrinos we always keep Ω Λ +Ω m fixed to give a flat geometry (with Ω m = Ω b + Ω ν + Ω CDM ) and vary the additional massive neutrino component Ω ν to the detriment of Ω CDM . Also, the majority of our runs are tuned to have σ 8 = 0.83 at z = 0 by construction, i.e. the observed Planck (2013) value. However, in order to characterize the effect of massive neutrinos with respect to the case of massless neutrinos, we also run simulations having the initial spectral amplitude A s fixed as in the 'best guess', and therefore with values of σ 8 changing across redshifts; these additional simulations are termed 'normalized', and are used here to quantify the impact of massive neutrinos on the matter power spectrum and on the flux statistics; in models with massive neutrinos, the power is suppressed A&A proofs: manuscript no. rossi_etal_2014 Article number, page 9 of 21 A&A proofs: manuscript no. rossi_etal_2014 Simulation Set on scales smaller than the free-streaming scale when the normalization is fixed as explained previously.
Aside from the 'best guess' run, which has only a massless neutrino component, all our other simulations contain three degenerate species of massive neutrinos implemented as a single particle-type, where M ν = 0.1, 0.2, 0.3, 0.4, 0.8 eV, respectively. To ensure that the various realizations correctly converge when M ν = 0 eV, we also run a simulation set with a very low neutrino mass, i.e. M ν = 0.01 eV -indicated as 'NU best guess' (see the appendix for a sanity-check test). In addition, we perform a series of realizations with the neutrino mass fixed to be M ν = 0.8 eV, and slightly vary the basic cosmological and astrophysical parameters around the 'best guess' reference. Specifically, we consider variations of the order of ±0.05 in the amplitude of the matter power spectrum σ 8 , in the spectral index of the primordial density fluctuations n s , and in the matter density content Ω m , while we vary the Hubble constant H 0 by ±5; regarding astrophysical parameters, we alter both T 0 and γ, the former by ±7000 and the latter by ±0.3. The suite of simulations with best-guess cosmological and astrophysical parameters and varying neutrino mass (group I) -including runs with different normalizations -is summarized in Table 2 ; those realizations indicated as 'neutrino cross-terms' (group II), in which we keep the neutrino mass fixed to be M ν = 0.8 eV but vary cosmology and astrophysics around the best guess, are listed in Table  3 . To this end, we note that the reason for producing cross-terms is motivated by a multidimensional parameter estimation procedure outlined in Viel et al. (2010) ; in a forthcoming study, we will apply this technique to constrain cosmological parameters and neutrino masses from the Lyα forest, combining results from these simulations and BOSS Lyα data.
All our runs started at z = 30, with initial conditions having the same random seed and based on second-order Lagrangian perturbation theory (2LPT; Crocce et al. 2006 ) rather than the Zeldovich approximation. Snapshots are produced at regular intervals in redshift between z = 4.6 − 2.2, with ∆z = 0.2; for a few runs, we also reach z = 0. We provide visual examples of our snapshot outputs at z = 2.2 and z = 0 in Figures 4 and 5 , respectively, for the gas (left panels), dark matter (central panels) and neutrino (right panels) components -when present. The upper top panels are projections of the density field along the x and y directions (and across z) from our 'best guess' reference simulation which contains only massless neutrinos, having 25 Mpc/h box size and a relatively low resolution N p = 192 values. The various plots are smoothed with a cubic spline kernel, and both DM and neutrinos are treated as the gas. It is nontrivial to visualize the neutrino component, especially because of shot noise -in essence, for a very small neutrino mass, the overall effect is similar to that of random noise, whereas structures start to appear at increasing M ν and decreasing redshifts.
In all our simulations, the gas is assumed to be of primordial composition with a helium mass fraction of Y = 0.24. Metals and evolution of elementary abundances are neglected. As in Viel et al. (2010) , we use a simplified criterion for star formation: all gas particles whose overdensity with respect to the mean is above 1000 and whose temperature is less than 10 5 K are turned into star particles immediately. This criterion, while having negligible effects on the Lyα flux statistics, speeds up the calculations considerably -see Viel et al ( , 2009 , where effects of adopting this simplified strategy are estimated to be of the order of 0.2% in the Lyα statistics, with respect to a more elaborated multiphase model.
The various simulations were performed with periodic boundary conditions and an equal number of dark matter, gas and neutrino particles. We employed the 'entropy formulation' of SPH proposed by Springel & Hernquist (2002) . Gas in the simulations is photo-ionised and heated by a spatially uniform ionising background. This background is applied in the optically thin limit and is switched on at z = 9. The resulting reference thermal history in our simulations is consistent with the recent temperature measurements of Becker et al. (2011) , assuming a slope for the temperature-density relation of γ = 1.3. We furthermore explore a variety of different thermal histories around this reference, parameterised by T 0 and γ, allowing us to span a plausible range for these two parameters within the observational uncertainties. We achieve this by rescaling the amplitude and density dependence of the photo-ionisation heating rates in the simulation (e.g. Becker et al. 2011) . Details on the software developed for this study are provided next.
Codes, Optimization and Performance
The basic code used for our simulations is Gadget-3 (Springel et al. 2001; Springel 2005) , supplemented by CAMB (Lewis, Challinor & Lasenby 2000) and a modified version of 2LPT (Crocce et al. 2006) for determining the initial conditions.
In particular, Gadget-3 (GAlaxies with Dark matter and Gas intEracT) is a massively parallel tree-SPH code for collisionless and gasdynamical cosmological simulations. Gravitational interactions are computed with a hierarchical multipole expansion via the standard N-body method, and gas-dynamics is followed with SPH having fully adaptive smoothing lengths, so that energy and entropy are conserved; collisionless DM and gas are both represented by particles. The gravitational force computation uses a hierarchical multipole expansion, optionally in the form of a tree-PM algorithm: short-range forces are treated with the tree method, and long-range forces with Fourier techniques. For our realizations, we set the number of mesh cells of the PM grid equal to the number of particles.
With respect to its original version, Gadget underwent a series of improvements and optimizations over several years, to maximize the work-load balance and the efficiency in memory consumption and communication bandwidth. The high-level optimization of the code is obtained via a new parallelization strategy, based on a space decomposition achieved with a spacefilling curve (i.e. the Peano-Hilbert decomposition). This fact guarantees a force independent of the processor number.
Several further physical processes have also been implemented in Gadget-3, from radiative cooling/heating physics till non-standard DM dynamics, star formation and feedback. However, in our case feedback options have been disabled, and galactic winds neglected, as suggested by the results of Bolton et al. (2008) who found that winds have a negligible effect on the Lyα forest.
Along the lines of Viel et al. (2010) , Bird et al. (2012) , and Villaescusa-Navarro et al. (2013a,b) , Gadget-3 has been modified in order to simulate the evolution of the neutrino density distribution. In particular, neutrinos are treated as a separate collisionless fluid, and implemented as an additional particle-type on top of gas and DM (see Section 3). In order to save computational time, the small-scale neutrino clustering is neglected, and their short-range gravitational tree force in the TreePM scheme is not computed. Hence, the spatial resolution for the neutrino component is of order of the grid resolution used for the PM force calculation. We also note that the timestep used by the code is set by the DM only, and is not affected by the neutrino component.
Lines of sight and particle samples are obtained from Gadget-3 snapshots with an extraction procedure briefly described in the next section; we also developed additional software in order to handle the post-processing phase. We run all our parallel codes on the thin nodes of the Curie supercomputer, owned by GENCI and operated into the TGCC by CEA -the first French Tier0 system open to scientists through the French participation in the PRACE research infrastructure.
Pipeline and Post-Processing
A typical snapshot from Gadget-3 at a given redshift contains information about positions and velocities for all the components (gas, DM, neutrinos, stars), in addition to specific information about the SPH treatment of the gas (i.e. internal energy, density, hydrogen and electron fraction and smoothing length). The snapshot goes through an elaborate pipeline, in order to obtain an averaged flux power spectrum and compute the temperaturedensity relation (cf. eq. 1). For characterizing the Lyα flux statistics, 10,000 randomly placed simulated quasar sightlines are drawn through the simulation box. Given our largest 100 h −1 Mpc box size, this implies an average spacing between sightlines of 10 kpc/h -far smaller than the scale probed by the Lyα forest. To generate the flux power spectrum, the absorption due to each SPH particle near the sightline is calculated from the positions, velocities densities and temperatures of all the SPH particles at a given redshift -following the procedure described in Theuns et al. (1998) using the SPH formalism; this provides a number of simulated quasar spectra, which are smoothed with a threedimensional cubic spline kernel. Each spectrum is rescaled by a constant so that the mean flux across all spectra and absorption bins matches that observed mean flux at redshift z (MiraldaEscudé et al.1996; Kim et al. 2007) . The mean over all the rescaled spectra is then used as the extracted flux power spectrum for the box. After this procedure, the splicing technique of McDonald (2003) is applied, in order to increase the effective resolution (see also Borde et al. 2013 for more details on the splicing method).
FIRST RESULTS
In this section we present the first results from the analysis of our suite of hydrodynamical simulations. In particular, after briefly mentioning convergence and resolution tests and showing a few visualization examples, we compute the three-and A&A proofs: manuscript no. rossi_etal_2014 one-dimensional matter and flux power spectra, and characterize the one-dimensional statistics of the Lyα transmitted flux in presence of massive neutrinos.
Convergence and Resolution Tests
Accurately modeling the Lyα flux power spectrum and achieving numerical convergence for the Lyα forest is challenging, because most of the signal comes from poorly resolved underdense regions. In addition, current data at high-redshift are noisier than those at low-z, increasing the sample variance in the simulation box. Hence, checks for convergence and resolution are important, and one needs to find an optimal compromise between the box size of the simulation, the total number of particles used in the runs, and the overall CPU consumption. Clearly, convergence requirements will always depend on the physical process under consideration, as well as the precision of the observational data to which the simulations are compared. To this end, extensive tests on convergence and resolution -along the lines of Theuns et al. (1998) , Bryan et al. (1999) , Regan, Haehnelt & Viel (2007) and Bolton & Becker (2009) -have been carried out in Borde et al. (2013) . Their results have motivated the choices of box sizes and resolutions in this work, and the overall strategy of using a set of three simulations and applying the splicing technique (rather than performing a single but computationally too demanding run) -which allows for a substantial decrease of modeling errors due to the improved particle resolution. Given our setting choices, numerical convergence is safely reached; however, since we also add the neutrino component as another type of particle and perform a complete hydrodynamical treatment, our simulation workload is heavier than simpler realizations with only gas and DM, by about 20% -if the number of particle per species is kept equal.
Visualizations
The presence of massive neutrinos induces changes in the thermal state of the gas, and in the LSS clustering of DM. Differences are even visually perceptable for relatively large neutrino masses, for example in the distribution of the internal energy of the gas (and hence of its temperature), when compared to simulations with massless neutrinos. Figure 6 provides an example: in the various panels, we show a slice of the internal energy of the gas from simulation snapshots at z = 2.2, when the box size is 25 Mpc/h and the resolution is N p = 192 3 /type; the upper left panel is from a simulation with massless neutrinos, and in clockwise direction the values of the neutrino mass increase as M ν = 0.1, 0.4, 0.8 eV, respectively. Changes in the thermal state of the gas are particularly relevant for the power-law T 0 − γ relation (cf. eq. 1), which is thought to arise from the competi- 3 /type. Because of their free-streaming, the effect of neutrinos is similar to a Gaussian noise component for very small masses, but as the mass increases clustering effects are noticeable, and more pronounced for larger neutrino masses and lower redshifts. tion between photoheating and cooling due to the adiabatic expansion of the Universe, following reionization. The evolution of this relation has been measured in the data and depends on the reionization history and the hardness of the UV background (Schaye et al. 2000; Ricotti et al. 2000; Rollinde et al. 2013) , although in reality the picture is more complicated -due to radiative transfer effects during the epoch of HeII reionization. Nevertheless, the temperature at the characteristic overdensity probed by the Lyα is now quite well measured (e.g. Becker et al. 2011) . The major uncertainty which remains is what the slope (γ) of the T 0 − ρ relation is: this is still poorly measured, and it translates into an uncertainty on T 0 (at mean density). Hence, a more accurate modeling of the thermal state of the gas will be required to reduce uncertainties in the thermal state of the IGM -when also massive neutrinos are present. Figure 7 shows the density evolution of the neutrino component from simulations with 25 Mpc/h box sizes and resolution N p = 192 3 /type, at z = 2 (left panels), z = 1 (central panels) and z = 0 (right panels), as a function of the neutrino mass; top panels are for M ν = 0.1 eV, intermediate panels are for M ν = 0.4 eV, and in the bottom panels M ν = 0.8 eV. The axis scales are in Mpc/h. Note again that for the neutrino component the density scale is kept fixed only for a given neutrino mass, while it changes across different M ν values. The distribution of the neutrino density has been smoothed with a cubic spline kernel to eliminate spurious Poisson noise at the smallest scales, in order to obtain genuine cosmological density fluctuations of the neutrinos which occur only on large scales -due to their freestreaming. According to Viel et al. (2010) , typical neutrino fluctuations at the largest scales are about 10% around the mean, while for gas and DM fluctuations are usually much larger. Also, the growth of structures is less evolved in the simulation with neutrinos (i.e. the voids are less empty), since their suppressed clustering slow down the growth of the perturbations in the overall matter density, and this fact impacts in turn the properties of both the gas and DM.
Three-Dimensional Matter Power Spectra
Next, we consider the set of neutrino simulations having 768 3 particles per type and a box size of 100 Mpc/h, with the same spectral amplitude as the corresponding 'best guess' run (i.e. the 'normalized' simulations). Values of σ 8 at z = 0 for these realizations are provided in Table 2 . From these runs, we compute the three-dimensional total matter power spectra, and compare results with linear predictions. In Figure 8 , we show results of this comparison. Black lines are for the 'best guess' realization, and dotted, dashed and longdashed lines are used for runs with massive neutrinos having M ν = 0.1, 0.4, 0.8 eV, respectively. Six intervals in redshifts are considered, from z = 2.2 to z = 3.2, with spacing ∆z = 0.2. The linear evolution (thick lines) is computed from CAMB as explained in Section 3, while the nonlinear power spectra (thin lines) are obtained from Gadget-3 snapshots. As can be directly inferred from the various panels, the free-streaming of neutrinos results in a suppression of the power spectrum of the total matter distribution at scales probed by the Lyα forest data, which is larger than the linear theory prediction by about ∼ 5% (∼ 9%) at scales k ∼ 1 h/Mpc when M ν = 0.4 eV (M ν = 0.8 eV), and strongly redshift dependent. The effects of free-streaming of neutrinos on the matter power spectrum have been discussed in detail in Viel et al. (2010) : we confirm here their findings of a mass-and redshift-dependence suppression of the power spectrum at small scales, which is more significant with increasing neutrino mass. At large scales, linear and nonlinear evolution in the power spectrum are similar, as already pointed out in Figure  1 where we argued that a linear description for the neutrino component is sufficient inside the yellow area (when k < k n,M ν =0.8 eV ). Figure 9 shows all these effects more clearly: as a function of k, we plot the total three-dimensional matter power spectra in presence of massive neutrinos, normalized by their corresponding power spectra from neutrino massless simulations at the same resolution. The top panel is for M ν = 0.1 eV, the middle panel is for M ν = 0.4 eV, and the bottom one is when M ν = 0.8 eV. In the panels, the almost straight lines are linear theory expectations: the plateau of nearly k-independent suppression predicted by linear theory is approximately described by ∆P/P ∼ −8 f ν and depends only very weakly on redshift. Clearly, the inclusion of non-linear effects produces a characteristic k-dependent suppression (i.e. the dips in the figure) on the three-dimensional matter power spectrum, which varies as a function of mass; the higher the value of M ν , the higher the k-mode where the dip occurs. Similarly, for a given neutrino mass, at increasing redshifts the position of the maximum suppression deep is altered in a nontrivial way -but typically towards smaller scales. The trend we find here appears consistent with analogous results in Bird et al. (2012) . Note also that there is an upturn in the suppression, which -according to Viel et al. (2012) -appears to be related to the nonlinear collapse of halos decoupling from the large scale modes slightly differently in simulations with massive neutrinos than in simulations with only massless neutrinos. This suggests that virialization of halos is slightly modified by the smoothly distributed neutrino component, in a similar fashion as done by dark energy where this is a well-known effect (Alimi et al. 2010 ).
In the top panels of Figure 10 we further study these effects, by displaying the total nonlinear matter power spectra in simulations with massive neutrinos, normalized by the case with For a given redshift interval, the detected trend at increasing k is essentially linear as expected from Figure 9 , with departures from the 'best guess' simulations which are more significant at lower redshift and for a larger neutrino mass.
Of more interest is to consider the evolution of the quantity f defined by
namely the difference between nonlinear and linear 3D power spectrum predictions, expressed in terms of ∆ 2 t ratios (as defined before). This is shown in the bottom panels of Figure 10 , for the same redshift intervals and k-values considered in the top panels. Spline fits are used to connect points with the same kvalue. Clearly, at increasing redshift departures from linear theory are less significant, particularly for smaller neutrino masses and lower values of k. Within the Lyα range of interest, it is clear that f is maximized at lower z and higher values of M ν .
Finally, in Figure 11 we find the value of k for which the quantity f (i.e. the difference between linear and nonlinear evolution in terms of ratios) is maximized -without restricting the wavenumber to the BOSS Lyα range. Spline fits are again used to connect points with the same k and different values of the neutrino mass. This plot is particularly useful because, at a given redshift, it provides a quick way to determine at which k there is more sensitivity to the neutrino mass, i.e. it tells one where effects due to neutrino free-streaming are more pronounced. The nonlinear power spectrum depends strongly on redshift and the dependence of scale becomes steeper with decreasing redshift. It is of interest to see how these effects will propagate into the Lyα flux power spectrum: we briefly discuss this in the next section, and expand more on the one-dimensional statistics in a forthcoming publication.
Before moving on, we note that there are several other numerical effects that can potentially impact the power spectrum: the number of neutrino particles, the velocities in the initial conditions, the sampling of the initial conditions with neutrino pairs to balance momentum, the starting redhsift. All these effects have been investigated in Viel et al. (2010) , and are not further discussed here.
One-Dimensional Analysis: Flux Statistics
The effect of neutrino free-streaming is a small scale-dependent suppression of the total matter power, which is a function of redshift and mass of the neutrinos. In this part, we briefly address how this signal affects the statistical properties of the transmitted flux fraction (the main observable along a number of quasar sightlines). The Lyα transmitted flux F , treated as a continuous field, is defined as
where τ is the optical depth; the corresponding flux fraction power spectrum is
where δ F = F /F -1. HereF is the mean flux, and the tilde symbol denotes a Fourier transformed quantity. The calibration of the mean flux level is the main systematic error, along with uncertainties in the thermal history of the IGM, and the different scaling given by different simulations. The mean flux, a measure of the average density of neutral hydrogen, has a large impact on the amplitude of the flux power spectrum (Viel et al. 2010) . In what follows, we mostly focus on the flux power spectrum, although one can explore the flux statistics with a variety of tools such as the flux PDF and the flux bispectrum (see for example Mandelbaum et al. 2003; Viel et al. 2004; Fang & White 2004; Lidz et al. 2006; Bolton, Oh & Furlanetto 2009; McQuinn et al. 2009; Viel et al. 2009 ).
The flux power spectrum of the Lyα forest is sensitive to a wide range of cosmological and astrophysical parameters and instrumental effects, and has been extensively used in the literature as a probe of the primordial matter power spectrum on scales of 0.5 − 40 Mpc/h at 2 ≤ z ≤ 4; it does not have a simple algebraic relationship to the matter power spectrum, due to nonlinearities in the flux-density relation. Note in fact that by z ∼ 3 the most important absorbing structures are weakly non-linear. The Lyα flux distribution depends on the spatial distribution, the peculiar velocity field, and the thermal properties of the gas. Going from the observed flux distribution to the power spectrum of matter in LSS requires knowledge of the bias of gas to matter, which in turns demands the temperature-density relation of the gas and its evolution over cosmic history, as well as the nature of the ionizing background radiation. Hence, the only way to compute it is to rely on hydrodynamical simulations. The flux power spectrum can also be used to constrain cosmological parameters and the nature of dark matter, through its shape and redshift dependence (Croft et al. 2002) . In addition, the Lyα forest power spectrum at small scales allows much improved constraints on the inflationary spectral index n the running of that index with scale, and neutrino masses.
The relation between the three-and one-dimensional power spectra is given by:
and in linear theory one has
, b δ the density bias and β the redshift distortion parameter. As anticipated, one can rely on accurate highresolution and large box-size hydrodynamical simulations to model the bias function b(k) which relates the flux to the linear dark matter power spectrum: Figure 12 shows an example of the normalized 1D flux power spectra computed from our simulation sets, without G. : Lyman-α Forest and Massive Neutrinos Fig. 11 . Values of k for which the difference between linear and nonlinear evolution in terms of ratios ( f ) is maximized -without restricting the wavenumber to the one-dimensional BOSS Lyα range. This plot is particularly useful, since it allows one to determine which scales are more sensitive to the neutrino mass. (solid) and with (dotted and dashed) massive neutrinos -after application of the splicing technique. In particular, we considered two neutrino masses, namely M ν = 0.4 and 0.8 eV, respectively. Note that here the wave vector k = 2π/∆v is measured in (km/s) −1 . To perform our analysis, we have extracted 10,000 mock quasar absorption spectra from the simulation sets, at various redshift intervals -from z = 2.2 − 4.4 with ∆z = 0.2. The optical depth is rescaled in the standard way to match the observed effective optical depth at z = 3, as given by Schaye et al. (2003) , i.e. τ eff = 0.363, and reproduce the same mean flux level; this procedure is justified because the HI photo-ionisation rate adopted in the simulations is inversely proportional to the Lyα optical depth in our mock spectra -see Viel et al. (2010) for more details. Figure 13 displays similar quantities as in the previous figure, but now the flux power spectra are normalized by the corresponding measurements obtained from simulations with massless neutrinos. Errorbars are 1σ estimates derived by averaging individual results from 10,000 LOS. As in Viel et al. (2010) , we compare simulations with massive neutrinos against those with only a massless neutrino component and a reduced overall amplitude of the matter power spectrum. This allows one to disentangle the effect of the neutrino free-streaming on the shape of the flux power spectrum and its evolution from the overall suppression of power due to the free-streaming. The latter is responsible for the well-known degeneracy between neutrino mass and σ 8 . In essence, the differences in the matter power spectra translate into a difference in the flux power spectrum for neutrino masses with m ν = 0.4 − 0.8 eVm which varies with redshift and is more pronounced at z = 4 -if simulations are normalized to have the same σ 8 in the initial conditions. This rather small effect is difficult to detect from present Lyα data and, according to Viel et al. (2010) , nearly perfectly degenerate with the overall amplitude of the matter power spectrum σ 8 . As in Viel et al. (2010) , we find that the overall suppression of power induced by massive neutrinos on the flux power spectrum becomes larger with larger neutrino mass and at higher redshift values, while there is an upturn and a bump at smaller scales.
CONCLUSIONS
The determination of the neutrino mass and the nature of the neutrino mass hierarchy are key issues in particle physics today -directly connected with the origin of mass. To this end, cosmology offers the best sensitivity to the neutrino mass, and by combining cosmological and particle physics results from solar, atmospheric, reactor and accelerator observations of neutrino oscillations one should be able to determine the absolute mass scale of neutrinos in the very near future.
Massive neutrinos impact the CMB power spectrum and affect the LSS -depending on the epoch at which they have become non-relativistic. Because of their free-streaming, they also alter the low-z power spectrum, and lead to a modified redshiftdistance relation. In essence, neutrinos suppress power in DM clustering on small scales, which erases their own fluctuations on scales below the free streaming length. In turn, this slows down the growth of CDM structure on the same scale, leaving an imprint on the matter power spectrum. The overall result is a model of the Universe different from the standard ΛCDM scenario, with important consequences on the structure formation mechanism.
Typically, limits on neutrino masses from cosmology are directly obtained from the analysis of the CMB radiation via the CMB power spectrum, the ISW effect on polarization maps, or through gravitational lensing of the CMB by LSS. Other popular methods to quantify the impact of massive neutrinos are based on galaxy clustering, and exploit large redshift surveys. On the other hand, fewer studies involve the Lyα forest, which is now emerging as a unique window into the high-redshift Universe, being at a redshift range inaccessible to other LSS probes and spanning a wide interval in redshift. The Lyα forest is a powerful tool for constraining neutrino masses, since massive neutrinos impact Fig. 13 . Ratio of the averaged and normalized 1D power spectra with and without massive neutrinos, for two values of the neutrino mass -as indicated in the panels. Errorbars are 1σ estimates derived from an average over 10,000 LOS. the one-dimensional flux power spectrum, due to a suppression of the growth of cosmological structures on scales smaller than the neutrino free streaming distance. For neutrino masses below 1 eV, the full extent of the suppression happens on megaparsecs scales. In addition, combined with CMB observations and other tracers sensitive to large scales, the power spectrum of the Lyα forest can provide stringent constraints on the shape and amplitude of the primordial power spectrum, and hence directly test models of inflation (Viel et al. 2005; Seljak et al. 2005; . Therefore, a detailed modeling of the line-of-sight power spectrum of the transmitted flux in the Lyα forest with massive neutrinos is required. The main goal of our study was indeed to provide a novel suite of state-of-the-art hydrodynamical simulations with cold dark matter, baryons and massive neutrinos, targeted for modeling the low-density regions of the IGM as probed by the Lyα forest at high-redshift. Our simulations span volumes ranging from (25 h −1 Mpc) 3 to (100 h −1 Mpc) 3 , and are made using either 3 × 192 3 ≃ 21 millions or 3 × 768 3 ≃ 1.4 billion particles -with chosen cosmological parameters compatible with the latest Planck (2013) results.
As explained in Section 3, neutrinos are implemented as a new type of particle in the N-body setup (on top of gas and DM), and we considered three degenerate species having masses m ν = 0.1, 0.2, 0.3, 0.4 and 0.8 eV, respectively. This more direct and computationally intensive approach is primarily driven by our goal to accurately reproduce all the main features of the Lyα forest at the quality level of BOSS or future deep Lyα surveys. Figure 1 shows that the one-dimensional Lyα forest data provided by BOSS lies in a k-range where nonlinear evolution of cosmological neutrinos cannot be neglected, and hence any attempt to speed-up calculations by using approximated linear solutions for the neutrino component -rather than a full hydrodynamical treatment -would compromise our ability to reproduce accurately all the features of the forest.
Technical aspects about the new suite of hydrodynamical simulations, such as details on the code used for the runs, initial conditions, optimization strategies and performance, along with various improvements and a description of the pipeline developed to extract the synthetic Lyα transmitted flux, are presented in Section 4 -building upon the theoretical background of Sections 2 and 3 (see also Tables 2 and 3 ). Since we are planning to make the simulations available to the scientific community upon request, this part may be regarded as a guide for a direct use of the simulations.
We improved on previous studies in several directions, in particular with updated routines for IGM radiative cooling and heating processes, and initial conditions based on 2LPT rather than the Zeldovich approximation. Figures 4 and 5 are visual examples of a few snapshots at z = 2.2 and z = 0, respectively, for the gas, dark matter and neutrino components -when presentin a simulation with 192 3 particles per type and a box size of 25 Mpc/h.
Using the splicing technique introduced by McDonald (2003) , the resolution of our runs can be further enhanced, to reach the equivalent of 3 × 3072 3 ≃ 87 billion particles in a (100 h −1 Mpc) 3 box size. This means that our simulations, specifically designed to meet the requirements of the BOSS survey (which has already identified ∼ 150, 000 QSO over 10, 000 square degrees within z = 2.15 − 4.5), are also useful for upcoming or future experiments -such as eBOSS and DESI. In particular, the comoving volume of eBOSS will be nearly 10 times that probed by the BOSS galaxy survey, while DESI will exceed BOSS and eBOSS both in volume and in quasar density, increasing the total number of Lyα quasars by about a factor of 5.
Besides providing technical details, in Section 5 we also performed a first analysis of our simulations; in particular, we characterized the nonlinear three-and one-dimensional matter and flux power spectra, and the statistics of the transmitted flux in the Lyα forest with massive neutrinos. The presence of massive neutrinos induces changes in the LSS clustering of DM and thermal state of the gas (as evident from Figure 6 ), affecting the T 0 − γ relation (equation 1). In Section 5.3, we investigated in more depth the effect of massive neutrinos in the three-dimensional matter power spectrum, where linear and nonlinear evolutions at different redshifts and for various neutrino masses are studied (Figures 8-11 ). The characteristic redshift-and mass-dependent suppression of the matter power spectrum caused by the massive neutrino component is clearly seen in Figure 9 , and the values of k most sensitive to the neutrino mass (i.e. the most relevant scales for detecting the power spectrum suppression due to neutrinos) are shown in Figure 11 . Finally, we briefly discuss how this feature propagates in the one-dimensional flux power spectrum (Section 5.4, Figures 12 and 13 ) and impacts the statistical properties of the transmitted flux fraction.
This work represents the first of a series of papers dedicated to quantify the effects of massive neutrinos in the Lyα forest across different redshift slices and at nonlinear scales. In particular, our primary next goal is to combine the Lyα one-dimensional power spectra at different redshifts obtained from these simulations with analogous measurements derived from the BOSS Lyα forest data, in order to constrain the sum of the masses of the three neutrino flavors and the main cosmological parameters with improved sensitivity. This is possible via a multidimensional likelihood analysis, a method pioneered by Croft et al. (1998 Croft et al. ( , 2002 and used by on SDSS data, or more recently by Palanque-Delabrouille et al. (2013) on SDSS-III/BOSS DR9 quasar spectra. Clearly, at a later stage we will combine our Lyα measurements with Planck data and other available datasets (galaxy PS and BAO from BOSS, lensing PS), to derive tighter joint constraints on cosmological and astrophysical parameters, and on the neutrino mass.
In addition, our simulations can be useful for a broader variety of cosmological and astrophysical applications, ranging from the three-dimensional modeling of the Lyα forest to crosscorrelations between different probes, the study of dark energy and expansion history of the Universe in presence of massive neutrinos, and particle physics related topics. Examples include cross-correlation studies along the lines of Font-Ribera et al. (2013) , synergies between ground and space missions in constraining the neutrino mass (we note that DESI, DES, LSST, Euclid, and CMB-stage 4 experiments will unambiguously detect the neutrino mass under both hierarchy scenarios), comparison of our results with different hydrodynamical codes and neutrino implementations, and studies of systematics affecting the Lyα forest as a tracer. To this end, UV fluctuations at z > 4, galactic winds, metal enrichment, re-ionization history, and the thermal history of IGM are all still major uncertainties in any analysis of the Lyα forest flux statistics, along with instrument performance and survey design, and they deserve further scrutiny. 
